Asymmetry in the collective dynamics of ponderomotively-driven electrons in the interaction of an ultraintense laser pulse with a relativistically transparent target is demonstrated experimentally. The 2D profile of the beam of accelerated electrons is shown to change from an ellipse aligned along the laser polarization direction in the case of limited transparency, to a double-lobe structure aligned perpendicular to it when a significant fraction of the laser pulse co-propagates with the electrons. The temporally-resolved dynamics of the interaction are investigated via particle-in-cell simulations. The results provide new insight into the collective response of charged particles to intense laser fields over an extended interaction volume, which is important for a wide range of applications, and in particular for the development of promising new ultraintense laserdriven ion acceleration mechanisms involving ultrathin target foils.
Understanding the collective response of charged particles to intense laser radiation is not only of fundamental interest, but is also important for the development of potentially compact laserdriven electron [1] and ion [2, 3] accelerators. It also underpins a range of other intense laserplasma physics, including high energy x-ray generation (bremsstrahlung [4] , synchrotron [5, 6] and betatron [7] production), high harmonic generation [8] , high-field physics [9] , and the production of intense magnetic fields [10] . The collective expulsion of electrons from regions of higher to lower field amplitude occurs due to the ponderomotive force, which arises from the inhomogeneity of the oscillating electromagnetic fields [11] . For a linearly polarized laser pulse with electric field amplitude ω = Ez t E x ()s i n( )ˆ, travelling in the +z direction, the force exerted can be expressed as [12] : where ω is the laser frequency, m e is the electron mass and γ is the electron Lorentz factor. The first term is time-averaged and the second is a time-dependent component which drives longitudinal electron oscillations at twice the laser frequency (2ω) [12] . In a foil target, electrons are driven forward from the region of the critical density, n c (beyond which the laser light cannot propagate), by the first component, with a 2ω oscillation induced by the second [12] . In the specific case of targets in which relativistic induced transparency (RIT) [13] [14] [15] occurs, the transmitted part of the laser pulse also ponderomotively drives a significant electron momentum in the perpendicular (radial) direction. RIT occurs in ultra-thin foils due to a combination of thermal expansion of the local target electron population and an increase in the critical density to γn c due to the relativistic correction to m e with increasing laser intensity. It can also occur if the laser longitudinal ponderomotive force decreases the target thickness to the order of the plasma skin depth [16, 17] . The former process is illustrated schematically in figure 1 , which also shows the longitudinal propagation of a ponderomotively-driven local region of enhanced electron density ahead of the laser pulse [18] . Transparency changes the nature of the interaction from surface-dominated to volumetric [19] , such that the collective electron response to the laser field continues over an extended distance. Understanding charged particle dynamics in the RIT regime is particularly important for the development of promising new ion acceleration mechanisms such as Break-Out Afterburner (BOA) [20, 21] and RIT-acceleration (RITA) [18] , and for schemes for which it is detrimental, such as radiation pressure acceleration (RPA) [22] [23] [24] (which is most effective just before transparency occurs). Whereas the beam of electrons expelled by an intense laser ponderomotive field is typically azimuthally symmetric in the case of a symmetric laser pulse intensity profile, in a recent theoretical study of BOA, Yin et al [20] report on 3D particle-in-cell (PIC) simulations which predict asymmetry in the collective response of electrons in thin foil targets undergoing RIT. An m = 2 (e.g. θ cos (2 ) , where θ is the angle between the electron radial momentum vector and the polarization axis) variation in the electron response to the laser ponderomotive force is predicted to lead to the formation of electron density lobes in the direction orthogonal to the laser polarization and propagation axes. Although signatures of an annular profile in BOA-ion acceleration have been reported [21, 25] , to date the predicted azimuthal asymmetry in the electrons has not been measured directly.
In this paper, we report the first experimental demonstration of the asymmetry in the collective electron response to the radial ponderomotive force during RIT, as manifested in the formation of lobe structures in the spatial-intensity profile of the beam of electrons accelerated. The electron dynamics are shown, both experimentally and via PIC simulations, to be highly sensitive to the polarization of the drive laser pulse and the degree of transparency induced. The results highlight the potential to control the collective electron dynamics, the formation of resulting electrostatic fields, and hence the spatial-intensity profile of the beam of ions accelerated by these fields.
Experiment
The Astra-Gemini Ti:sapphire laser at the Rutherford Appleton Laboratory was used to produce pulses of 800 nm wavelength, λ, light, with typical duration, τ = 40 fs (full width at half maximum, FWHM), spot size of 3 μm (FWHM) and energy ∼2 J (on-target, i.e. the energy after plasma mirrors and transport optics). For part of the study the laser pulse duration was varied in the range 40-160 fs by adding group velocity dispersion to the pulse via an acousto-optic modulator. A double plasma mirror arrangement enhanced the intensity contrast to ∼10 11 and
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, at 1 ns and 10 ps, respectively, prior to the peak of the pulse. The pulse was focused using an f/2 parabolic mirror, to a calculated peak intensity, I,of × 7 10 20 Wcm −2 and incident along the target normal axis. A deformable mirror was employed prior to focusing to ensure a high quality focal spot. The laser light was linearly polarized, with the direction of polarization varied using a thin mica λ 2 wave-plate. The target was an aluminium foil, with thickness, L, varied in the range 10-800 nm. The energy of the portion of the laser light transmitted through the target (due to RIT) was monitored both by optical spectrometer measurements and by measuring the 2D spatial-intensity profile of the transmitted laser beam on a PTFE screen positioned behind the target, with a CCD camera. The energy transmission as measured by both diagnostics was calibrated by comparing the recorded signal to the energy measured on a calorimeter on shots for which there was no target in the beam path.
The 2D spatial-intensity profile of the beam of electrons ponderomotively accelerated by the laser pulse was measured 3 cm downstream from the target using passive stacked layers of Fujifilm imaging plate (IP), interleaved with iron filters, and in separate shots, in real-time using a Kodak Lanex screen detector, with equivalent iron filtering. The 2D spatial-intensity and spectral profile of the beam of accelerated protons was simultaneously measured using stacked layers of radiochromic film, placed immediately in front of the IP stack, filtered for energy selection with thin layers of mylar and copper. The stacks were centred on the laser propagation (z-) axis, as illustrated in figure 1 . Figure 2 shows representative measurements of the spatial-intensity profiles of both the electron and proton beams, and exhibits the most salient features of the experimental results. The only laser pulse parameter varied for this data set is the direction of polarization (τ =40fs and I = × 7 10 20 Wcm
−2
). For L = 800 nm, for which induced transparency does not occur, the electron beam is circular and relatively small. For L = 40 nm, a larger number of electrons are detected and the beam is highly elliptical, with the major axis parallel to the laser polarization. This is clear when comparing figures 2(b) and (c), for which the laser polarization vector is along the x-and y-axis, respectively. Similar polarization-sensitive electron beam ellipticity has been previously observed in laser-underdense plasma interactions [26] (but not with overdense targets) and indicates strong electron interaction with the laser electric field. Figure 2(d) shows the corresponding case for polarization in x and a L = 10 nm target, for which a double-lobe structure, centred on the laser propagation axis and orientated in the axis perpendicular to the laser polarization, is measured. In figure 2(e) the electron signal at the radius corresponding to the peak of the lobes is plotted as a function of θ (angle with respect to the polarization axis). The variation in the distribution has a θ cos (2 ) dependence, which is in good agreement with the theoretical predictions of Yin et al [20] . The double-lobe structure in the electron density arises due to the plasma response to the propagating laser field. Although the radial ponderomotive force is axisymmetric, as described in reference [20] a θ cos (2 ) variation arises in the collective response of the electrons to the combined radial force and the laser E-field (the angular variation arising from a dot product in the momentum component terms).
We find that the double lobe structure is only measured for the thinnest target explored (L = 10 nm). Figures 2(f) and (g) shows the corresponding proton beam profile at two proton energies sampled. Generally we find that with decreasing target thickness the proton beam becomes more structured, with evidence of hollowing for L =10-40 nm. The highest proton flux is typically measured off-axis, which is a signature of BOA-ion acceleration (see references: [21, 25] ). At low proton energies radial spoke features are also clearly observed for L = 10 nm, and the prominence of this feature also decreases with increasing L. By considering the magnitude and evolution of the charge separation-induced electrostatic fields, as determined from numerical simulations discussed below, we calculate that the measured double-lobe electron distribution could give rise to proton lobes separated by ∼6 mm at the position of the RCF detector. The features observed in figure 2(g) are separated by about this scale, but a double-lobe structure is not clearly observed. The separation of the expected proton lobes will increase with the duration of the electrostatic field and hence the drive laser pulse. The theoretical study in which a double-lobe ion distribution is predicted was performed for laser pulses with τ > 150 fs [20] . 
Simulations of the onset of RIT
To investigate this correlation in more detail, 2D3V simulations were performed using the fully relativistic electromagnetic PIC code EPOCH. Full 3D PIC simulations at the required spatial and temporal resolutions and solid density requires high performance computing resources much beyond those available for this study. However, 2D3V simulations enable core aspects of the collective effects governing RIT and the resulting electron dynamics to be explored. The simulation grid comprised a total of 7.2 million cells with ten particles per cell and a spatial resolution of 0.5 × 0.8 nm. The laser pulse had a Gaussian profile both temporally and spatially. The target consisted of two species, electrons and Al 13+ ions at a density = n n 447 ec r
. In order to resolve the Debye length the initial electron and ion temperatures were T e = 10 keV and T i = 40 eV, respectively. Simulations were performed as a function of laser polarization, target thickness (10, 20 and 40 nm), laser intensity (up to 6 ×10 20 Wcm −2
) and pulse duration (τ = 40-160 fs). The simulation plane isyzand the laser is incident along target normal (z-axis) and propagates only 200 nm in vacuum before reaching the target front surface (laser light therefore reaches the target 1.5 fs after the start of the simulation, ensuring interaction with an initially solid density target).
As shown in figure 3(a) , the predicted onset of transparency is in good agreement with the experimental results, albeit that the percentage of transmitted light is higher than that measured for the 10 nm thick target case. Simulations for L = 40 nm exhibit minimal transparency. As shown in figure 3(b) , for this case the peak electron density increases by more than a factor 2 in response to the laser ponderomotive drive, and decreases to γn c only very late in the laser pulse (which is included as a background plot). By contrast, for L = 10 nm significant transparency occurs as the peak density decreases to γn c on the rising edge of the laser pulse. The temporal evolution of the electron density and the laser electric field along the laser propagation axis (y = 0) is shown in figures 3(c) and (d) , respectively, for L = 10 nm, and in figures 3(e) and (f), respectively, for L = 40 nm. The effects of radiation pressure are observed in both cases, with the L = 10 nm target becoming transparent after 30 fs. The L = 40 nm case remains overdense throughout the simulation time.
The evolution of the electron Lorentz factor and the Poynting flux (which is a diagnostic of laser energy) at an example distance of 600 nm downstream from the initial rear surface of the target, are shown in figures 3(g) and (h), for L = 10 nm and 40 nm, respectively. For the L = 10 nm case transparency occurs after ∼30 fs, and the Lorentz factor increases by more than a factor of two in response to the transmitted laser pulse. There is no appreciable increase in the electron Lorentz factor downstream for the L = 40 nm case. The results presented in figure 3 all involve polarization in the plane of the simulation box. These results confirm that for the parameters of the experiment, significant transparency occurs for L = 10 nm and that the propagated portion of the laser pulse continues to act on the accelerated electrons over an extended volume at the target rear.
To further confirm that the degree of RIT occurring defines the spatial-intensity distribution of the electron beam, we extended both the experiment and simulation study to investigate the sensitivity to the laser pulse duration, for fixed target thickness L = 10 nm. Figures 4(a)-(d) shows that the orientation of the major axis of the resulting elliptical electron beam (measured on the lanex screen) changes from being aligned perpendicular to the laser polarization for a τ = 40 fs pulse to being parallel for τ = 160 fs. Corresponding simulation results for the temporal evolution of the electron density and laser electric field along the laser propagation axis are shown in figures 4(e)-(h) for two example cases, τ = 80 fs and 160 fs. The Poynting flux and Lorentz factor (as for the τ = 40 fs results in figure 3(g) ), are shown in figures 4(i) and (j), for τ = 80 fs and 160 fs, respectively. In all cases the laser polarization vector is in the plane of the simulation. The simulations confirm that the degree of transparency decreases with increasing pulse duration, because of the decreasing peak laser intensity. These results, when considered together with those in figure 3 , demonstrate that the orientation of the electron spatial-intensity distribution is sensitive to the degree of laser light transmission.
In the discussion so far, the onset of transparency is described in terms of the combined effect of the increasing electron Lorentz factor, on the rising edge of the laser pulse, coupled with the thermal expansion of electrons into vacuum resulting in a reduced peak electron density, such that laser pulse propagation can occur part way through the interaction [13, 14] . This physical picture is rigorously true for infinite plasmas. In the case of target thicknesses comparable to the plasma skin depth, the transparency conditions are modified due to additional effects such as the longitudinal ponderomotive force at the plasma interface [27] . Vshivkov et al [16] derive the conditions for relativistic transparency in a thin slab of overdense plasma as ωω
, where ω and ω p are the laser and plasma frequency, respectively, L is the target thickness and a o is the light amplitude (equation (50) in reference [16] ). For the parameters of the present experiment, this condition is satisfied only for < L 20 nm (with the terms on the right side equal to a o for L = 70 nm). Thus our results are also in good agreement with the analytical model of RIT in thin plasma slabs [16] . We have also considered the role of light pressure compressing the electrons in the thin target such that the effective target width as seen by the laser becomes of the order of, or less than, the skin depth, as discussed in reference [17] . Whereas this can contribute to inducing transparency in thin foils in the case of circularly polarized laser light, due to the constant light pressure and reduced electron heating, in the case of linear polarization and the other laser and target parameters considered here our simulations indicate that RIT occurs predominately through plasma expansion reducing the peak electron density. ) along the z-axis as a function of time, for a τ = 80 fs pulse; (g) and (h) are the corresponding plots (same units) for a τ = 160 fs pulse; (i) evolution of the laser Poynting flux and the electron Lorentz factor 600 nm downstream from the target rear surface for a τ = 80 fs pulse; (j) corresponding plots for a τ = 160 fs pulse.
Modelling axial asymmetry in the plasma response to RIT
Detailed numerical investigation of the asymmetry in the collective electron response to the onset of transparency requires high resolution 3D simulations with an initially solid density target, which are computationally intensive and beyond the resources available in the present study. However, the 2D3V EPOCH code used employs a 2D simulation plane with 3 field and velocity components, which enables aspects of the asymmetry to be explored by comparing the 1D electron density profiles along the y-axis in simulation runs with the polarization parallel (ypolarized) and perpendicular (x-polarized) to the simulation plane.
In figure 5 we explore the electron response for the L = 10 nm case. Figures 5(a) and (b) show the temporally-resolved E-field of the transmitted laser light and the electron density, respectively, as measured 600 nm downstream from the target rear surface. The laser is polarized in the x-axis (i.e. perpendicular to the plane of the simulation), and, as before, t =0 corresponds to the start of the simulation. Electrons ponderomotively driven forward (longitudinally) by the laser pulse are ejected first from the target and detected downstream after about 20 fs. This population is relatively small in number compared to the dense population which arrives later and as a result shows up as a relatively weak signal along the y = 0 axis in figure 5(b) . Before the target undergoes RIT it is driven forward by laser radiation Figure 5 . PIC simulation results showing the temporal evolution of (a) E x , the laser Efield (in TV − m 1 ) and (b) the electron density (in units of n n ec ), along the y-axis, at 600 nm downstream from the rear surface of a L = 10 nm target; (c) example 2D profile of the electron density at 35 fs, just after RIT has occurred (in units of 100n n ec ); (d) time-integrated electron density profile along the y-axis (at 600 nm from the rear surface) for the two laser polarization directions. pressure, to a maximum on-axis displacement of ∼300 nm. After 30 fs the target is relativistically transparent and the reminder of the laser pulse is transmitted, as shown in figure 5(a) . Figure 5(c) shows an example 2D profile of the target at 35 fs (just after RIT has occurred). The simulations reveal strong radial expulsion of the electrons due to the radial ponderomotive force of the transmitted laser light and a longitudinal oscillation of the electrons in response to the 2ω component of the ponderomotive force, which results in bunches of electrons being ejected forward towards the diagnostic point downstream. As shown in figure 5(b) , the density distribution of the radially expelled electrons (detected 600 nm downstream after 40 fs) is modulated at ω 2 . Temporally integrated electron density profiles for the cases in which the distribution is sampled parallel and perpendicular to the laser polarization vector are compared in figure 5(d) . The double-peak feature observed perpendicular to the laser polarization (x-polarized), which changes to a more uniform distribution for the parallel case (y-polarized), is qualitatively consistent with the experimental results in figure 2(d) . A more detailed numerical study of the underlying physics and comparison with the annular dependence measured experimentally requires full 3D simulations and will be the subject of future work.
Summary
In summary, the collective dynamics of electrons in a relativistically transparent foil driven by a linearly polarized laser field is experimentally shown to exhibit a θ cos (2 ) dependence, as manifested in a double lobe formation in the electron density distribution. A theoretical framework for 3D electron fluid ponderomotive dynamics during RIT is presented by Yin et al [20] and predicts the measured asymmetry as arising from the collective response of the electrons to the non-oscillating component of the radial ponderomotive force. The electron beam profile is further shown to be sensitive to the laser polarization direction and the percentage of the laser energy that is transmitted through the target. The degree of structure in the proton beam is also found to be correlated to the onset of transparency. A future experimental study with higher energy laser pulses, for which RIT is induced over a longer pulse duration, is required to investigate the interaction between the electron and ion dynamics in more detail.
